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Despite a number of reports on transgenic zebra®sh, there have been no reports on transgenic zebra®sh in which the gene
is under the control of a promoter of zebra®sh origin. Neither have there been reports on transgenic zebra®sh in which
the gene is under the control of a tissue-speci®c promoter/enhancer. To investigate whether it is possible to generate
transgenic zebra®sh which reliably express a reporter gene in speci®c tissues, we have isolated a zebra®sh muscle-speci®c
actin (a-actin) promoter and generated transgenic zebra®sh in which the green ¯uorescent protein (GFP) reporter gene was
driven by this promoter. In total, 41 GFP-expressing transgenic lines were generated with a frequency of as high as 21%
(41 of 194), and GFP was speci®cally expressed throughout muscle cells in virtually all of the lines (40 of 41). Nonexpressing
transgenic lines were rare. This demonstrates that a tissue-speci®c promoter can reliably drive reporter gene expression in
transgenic zebra®sh in a manner identical to the control of the endogeneous expression of the gene. Levels of GFP expression
varied greatly from line to line; i.e., ¯uorescence was very weak in some lines, while it was extremely high in others. We
also isolated a zebra®sh cytoskeletal b-actin promoter and generated transgenic zebra®sh using a b-actin±GFP construct.
In all of the four lines generated, GFP was expressed throughout the body like the b-actin gene, demonstrating that
consistent expression could also be achieved in this case. In the present study, we also examined the effects of factors
which potentially affect the transgenic frequency or expression levels. The following results were obtained: (i) expression
levels of GFP in the injected embryo were not strongly correlated to transgenic frequency; (ii) the effect of the NLS peptide
(SV40 T antigen nuclear localization sequence), which has been suggested to facilitate the transfer of a transgene into
embryonic nuclei, remained to be elusive; (iii) a plasmid vector sequence placed upstream of the construct might reduce
the expression levels of the reporter gene. q 1997 Academic Press
INTRODUCTION optically transparent, allowing direct observation of their
embryonic development. A relatively short generation time
Zebra®sh is an excellent model organism for the study of of 2±3 months makes classical genetics feasible. Recent
vertebrate development (Kimmel, 1989; NuÈ sslein-Volhard, large-scale mutagenesis screening has led to the isolation
1994). The embryos develop outside the mother and are of a great number of lethal mutations of genes essential for
embryonic development (Haffter et al., 1996; Driever et al.,
1996).1 To whom correspondence should be addressed at National Insti-
An important technology in model organisms is the capa-tute for Basic Biology, Myodaiji-cho, Okazaki, Aichi 444, Japan.
bility of producing transgenic organisms as has been shownFax: /81-564-55-7571. E-mail: shinichi@nibb.ac.jp.
for Drosophila or mice. Transgenic zebra®sh, using several2 Present address: Kumamoto University, Kurokami, Kumamoto
860, Japan. DNA constructs, have been generated in the past 9 years.
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Stuart et al. (1988, 1990) ®rst showed that DNA injected zebra®sh origin. Here we show that it is possible to reliably
obtain GFP-expressing transgenic zebra®sh with the a-ac-into the cytoplasm of fertilized zebra®sh eggs could inte-
grate into the ®sh genome and be inherited in the germline. tin±GFP constructs. We also show that, by using zebra®sh
cytoskeletal b-actin promoter, it is possible to reliably ob-Culp et al. (1991) demonstrated that the frequency of germ-
line transmission of a microinjected transgene could be as tain transgenic zebra®sh which express GFP throughout the
body.high as 20%. Despite these initial successes, however,
transgenic zebra®sh had the problem of inconsistent expres- In this study, we also investigated the effects of the fol-
lowing three factors which potentially affect transgenic fre-sion of a transgene, i.e., variegated expression (Stuart et al.,
1990) or no expression (Stuart et al., 1988; Culp et al., 1991). quency or expression levels. The ®rst is whether levels of
transient expression in an injected embryo show any corre-In these experiments, promoter/enhancer sequences of
SV40 or RSV (Rous sarcoma virus) origin were used. Lin et lation to transgenic frequency. The second is whether coin-
jection of the SV40 T antigen nuclear localization sequence,al. (1994b) used a Xenopus elongation factor 1a enhancer/
promoter to drive LacZ expression. The expression patterns which has been suggested to facilitate the transfer of a
transgene into embryonic nuclei (Collas et al., 1996), hasof LacZ in the four lines obtained were highly variable.
Bayer and Campos-Ortega (1992) tried to apply an enhancer any effect on transgenic frequency. The third is whether
the presence of a plasmid vector sequence has any effect ontrap in zebra®sh, using a mouse heat-shock promoter. Al-
though one transgenic ®sh in which LacZ was expressed in the expression levels of GFP.
primary sensory neurons was generated, LacZ expression
was not fully penetrant. To date, the study by Amsterdam
et al. (1995) appears to be the most successful in terms of MATERIALS AND METHODS
the consistent expression of a reporter gene in zebra®sh.
They used a modi®ed Xenopus elongation factor 1a en- Cloning of Actin Genes from Zebra®sh
hancer/promoter to drive the expression of the green ¯uo-
RACE±PCR was carried out against ®rst-strand cDNA of 14- torescent protein (GFP) reporter gene (Chal®e et al., 1994),
24-h-old embryos using two degenerated primers based on theand showed that ®ve of ®ve transgenic lines expressed GFP, amino acid sequences, WHHTFY and WDDMEK, which are present
apparently in whole bodies, although one line with the high- in all types of actin proteins. The nucleotide sequences of the prim-
est GFP expression still showed variegated GFP expression. ers were TA(A/G)AA(A/G/C/T)GT(A/G)TG(A/G)TGCCA and
Recently, Hopkins and her colleagues developed a new GGAAGCTT(C / T)TCCAT(A / G)TC(A / G)TCCCA. Nested PCR
method for generating transgenic zebra®sh. They showed was performed and four types of DNA fragments, about 300 bp
each, were obtained.that murine leukemia virus/vesicular stomatitis virus pseu-
An a-actin genomic fragment of about 3.7 kb, which includesdotyped retroviral vectors can integrate into the zebra®sh
the ®rst and the second introns, was recovered by PCR using a-genome at high frequency (Lin et al., 1994a; Gaiano et al.,
actin-speci®c primers. Southern blotting using this fragment as a1996a). The method has been proven to be useful for inser-
probe revealed a single 12-kb band. A zebra®sh genomic sublibrarytional mutagenesis (Gaiano et al., 1996b; Allende et al.,
was constructed using 10- to 15-kb EcoRI genomic fragments and1996). However, since retroviral vectors have limitations of screened with the 3.7-kb probe. Three identical positive clones, 12
vector size, introduction into the genome of a relatively kb in length, were isolated.
long construct, such as long cis-regulatory sequences, A b-actin genomic fragment of 1.9 kb, which includes the ®rst
would be impossible using this method. and the second introns, was recovered by PCR using b-actin-spe-
A possible cause for the frequently observed silent or var- ci®c primers. This fragment was used for the screening of zebra®sh
genomic libraries which were provided by Drs. Petkovich, Picker,iegated expression of the constructs introduced could, in
Takeda, and Kikuchi. Several overlapping phage clones were ob-part, be the use of sequences of heterologous origin. There
tained.is an example in which a promoter of zebra®sh origin was
used to drive the gene expression (Meng et al., 1997). But
it was a transient expression analysis; i.e., gene expression Construction of a-Actin±GFP and b-Actin±GFP
was monitored in an injected embryo, not in a germline- Plasmids
transmitted embryo (Meng et al., 1997). To date, no
transgenic zebra®sh in which the gene is driven by a pro- Two modi®ed GFP sequences, GFP-S65A (Moriyoshi et al., 1996)
and EGFP (Clontech), were used. An a-actin upstream fragment (a-moter of zebra®sh origin, nor transgenic zebra®sh in which
actin promoter; ap) of about 3.9 kb was PCR-ampli®ed from thea reporter gene is driven by a tissue speci®c promoter/en-
a-actin l phage clone using the upstream primer, T3, and the down-hancer, have been generated. Thus, whether the reproduc-
stream primer, TTGGTCTGTGCAGGACAA. The junction be-ible generation of transgenic zebra®sh with tissue-speci®c
tween the ®rst intron and the second exon exists within the down-transgene expression is possible has not yet been clari®ed.
stream primer. The initiation methionine codon is located several
Given this background, we attempted to introduce GFP nucleotides downstream of the downstream primer sequence. Two
driven by a zebra®sh muscle-speci®c actin promoter (a-ac- ap-GFP plasmids, ap-GFP(S65A) and ap-EGFP, were constructed.
tin promoter) into zebra®sh to investigate whether reliable For the S65A construct, GFP(S65A) followed by an SV40 poly(A)
and tissue-speci®c expression in transgenic zebra®sh can be signal was fused to ap. For the EGFP construct, EGFP followed by
a BGH poly(A) signal was fused to ap. The backbone plasmid vec-achieved by using a tissue-speci®c promoter/enhancer of
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tors were pBluescript (SK) in both cases. Structural details of the al. (1995). PCR reaction was carried out using two primers within
GFP in either case of GFP(S65A) or EGFP, which resulted in thetwo plasmids are available upon request.
A b-actin upstream fragment (b-actin promoter; bp) of about 17 ampli®cation of the 300-bp band from the respective plasmid.
All reactions contained primers in the islet2 gene (Tokumoto etkb was PCR-ampli®ed from one of the b-actin phage clones using
the upstream primer, T3, and the downstream primer, AAGGA- al., 1995) as an internal control. DNA isolation from adult ®sh
for Southern blotting was carried out according to Wester®eldTCCACTGTAAAAGAAAGGGAA. The junction between the ®rst
intron and the second exon exists within the downstream primer. (1993).
The initiation methionine codon is located several nucleotides
downstream of the downstream primer sequence. For the poly(A)
signal, a b-actin 3* fragment (b3*) of about 8.4 kb was used. The Fluorescence Microscopy
upstream end of b3* is a BamHI site, which is located within the
second exon. The downstream end is an end of one of the phage Embryos in a 9-cm plastic dish were observed using an Olympus
clones. The exact location of the poly(A) additional signal is un- IX70-FLA inverted ¯uorescence microscope with an FITC ®lter.
known. The bp-EGFP-b3* plasmid was constructed using the Usually, the 41 objective lens was used. In some cases, photographs
pBluescript (SK) backbone plasmid vector. Structural details of the were obtained using an Olympus BX50-FLA noninverted ¯uores-
plasmid is available upon request. cence microscope.
DNA Preparation and Microinjection
Plasmid DNA was prepared using the Qiagen plasmid kit (Qia- RESULTS
gen). For BS-ap-G, the ap-GFP(S65A) plasmid was linearized by
SalI. For ap-G-BS, the ap-EGFP plasmid was linearized by SalI.
Cloning of Actin Genes from Zebra®shFor bp-G-b3*-BS, the bp-EGFP-b3* plasmid was linearized by XhoI.
Linearized plasmid DNA was extracted using phenol±chloroform
Four types of actin genes were identi®ed by RACE±PCRand then chloroform, precipitated by ethanol, and dissolved in dis-
(see Materials and Methods). They were called as a1-, a2-,tilled water. For ap-G, the ap-GFP(S65A) plasmid was digested with
b-, and g-actin based on their expression patterns and theSacI and electrophoresed on an agarose gel. DNA fragments of ap-
GFP(S65A)-pA were recovered from the gel using the GeneClean sequence similarity to actin genes from other species. a1-
II kit (Bio 101) and dissolved in distilled water. actin is also referred to simply as a-actin. The expression
Maintenance of wild-type ®sh and collection of embryos were of a(a1)- and a2-actin was muscle-speci®c, while that of b-
carried out as described by Wester®eld (1993). Microinjection of and g-actin was ubiquitous. Figure 1 shows the expression
DNA was carried out using an agarose gel with depressions as a patterns of a-actin (A and B) and b-actin (C and D).
holding plate (Wester®eld, 1993). DNA solution of about 25 ng/ml
in distilled water was air-pressure-injected into the cytoplasm of a
one-cell-stage zebra®sh embryo with its chorion intact. The SV40
Transient Expression of GFP in a-Actin±GFP-T antigen nuclear localization sequence (NLS; CGGPKKKRKVG-
Injected EmbryosNH2) was added to the injection solution to a ®nal concentration
of 0.5 ng/ml in more than half of the experiments. The peptide was
Genomic sequences ¯anking a-actin were isolated (seesynthesized and HPLC-puri®ed by Takara Co. In contrast to most
Materials and Methods). The structure of the 5*-region ofprevious studies, color dye, such as phenol red or ¯uorescein dex-
a-actin is shown in Fig. 2A. The initiation methionine co-tran, was not added to the injection solution. The injection volume
don is located near the 5* end of the second exon (20 bpwas estimated from the difference in refractive indices between
the injection solution and cytoplasm. The injection volume was downstream of the exon±intron junction). A DNA fragment
adjusted such that one-third to half of the injected embryos died of about 3.9 kb, which contains about 2.2 kb of the upstream
or became malformed by the next day; exact volume was unknown. fragment, about 40 bp of the ®rst exon, about 1.7 kb of the
Injections were usually carried out within 20 min after fertilization, ®rst intron, and a part of the second exon (5 bp), was used
when cytoplasm of embryos was not yet high. Fertilized eggs were as an a-actin promoter (ap). The ®rst intron was included
collected several times (typically 3 times) for one injection session.
for two reasons: one is because intervening sequences haveWe injected up to about 70 eggs per egg collection. Thus, when
been suggested to increase gene expression in transgenic®sh continued to produce eggs for 1 h, we were able to inject up
mice (Brinster et al., 1988) and zebra®sh (Amsterdam et al.,to about 210 embryos. When ®sh produced all their eggs in a limited
1995) and the other is because there may be segments ofperiod, fewer embryos were injected. Usually, 100±150 embryos
cis-regulatory elements in the ®rst intron. Modi®ed GFPwere injected in one injection session. The next day, live embryos
exhibiting very weak GFP expression (such as ®sh-X in Fig. 3), (S65A; Moriyoshi et al., 1996), followed by the SV40 poly(A)
about one-fourth, were discarded. About one-third of the ®sh se- signal, was fused to the ap. The ap-GFP(S65A) plasmid was
lected for raising died before sexual maturity (usually within a few linearized and injected into one-cell-stage embryos, which
weeks). Usually 25±40 ®sh reached sexual maturity per typical were later subjected to ¯uorescence analysis. Cytoplasmic
injection session. injection of DNA constructs is known to result in mosaic
expression of a reporter gene in zebra®sh (e.g., Amsterdam
DNA Isolation and PCR et al., 1995). As expected, ¯uorescence was observed in a
subset of muscle cells in 1-day-old embryos (Fig. 3). Expres-DNA isolation from pools of 50±200 3-day-old ®sh or from
individual embryos was carried out according to Amsterdam et sion patterns were highly variable from embryo to embryo.
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FIG. 1. Expression of a-actin and b-actin in embryonic zebra®sh. One-day-old embryos were subjected to in situ hybridization using
the a-actin (A and B) or b-actin (C and D) probe. A and C are whole mounts, while B and D are cross sections.
FIG. 3. Transient expression of GFP in a-actin±GFP-injected embryos. Embryos were viewed through their chorions. S, M, W, and X
are the expression levels of GFP in each embryo. S, strong; M, moderate; W, weak; X, very weak, so that the embryo should be discarded.
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Each construct was injected individually into one-cell-
stage embryos, which were raised for 1 day and viewed using
an inverted ¯uorescence microscope. Embryos with few
¯uorescent cells were discarded. On average, about one-
fourth of the injected embryos were discarded. In the case
of BS-ap-G or ap-G, the remaining embryos were grouped
according to the intensity of ¯uorescence. The purpose of
this grouping is to investigate whether there is any correla-
tion between levels of transient expression and the fre-
quency of appearance of germline-transmitting founders. In
more than half of the injections, the SV40 T antigen nuclear
localization sequence (NLS; CGGPKKKRKVG-NH2) was
coinjected with DNA. This peptide has been suggested to
facilitate the transfer of a transgene into embryonic nuclei
(Collas et al., 1996). To investigate the effects of NLS on the
frequency of appearance of germline-transmitting founders,
injections without NLS were also carried out.FIG. 2. Maps of a-actin and a-actin±GFP constructs used in this
Injected embryos were raised to sexual maturity andstudy. (A) Structure of a-actin. The initiation methionine codon
screened for germline-transmitting founders. The ®sh were(ATG) is located 20 bp downstream of the intron 1±exon 2 junction.
mated to wild-type ®sh and the ¯uorescence of their 1-day-The a-actin promoter used in this study (ap) includes the intron
1±exon 2 junction, but does not include the ATG initiation codon. old progeny was examined using an inverted ¯uorescence
E, EcoRI; B, BamHI. (B) Structure of a-actin±GFP constructs used microscopy. The frequency of appearance of germline-trans-
in this study. Thick line, plasmid vector sequence; S65A, mitting founders is summarized in Table 1, showing that
GFP(S65A); pA, poly(A) additional signal. germline-transmitting founders whose progeny expressed
detectable levels of GFP were isolated in all types of experi-
ments. In total, 41 of 194 (21%) were positive. As has been
seen in previous studies of transgenic zebra®sh lines (StuartGeneration of Germline-Transmitting Fish Using
et al., 1988, 1990; Culp et al., 1991), founder ®sh had mosaica-Actin±GFP
germlines. Rates of F1 inheritance of GFP-expressing off-
Three constructs were used to produce stable transgenic spring ranged from 2 to 50% (data not shown). For several
zebra®sh lines (Fig. 2B). BS-ap-G and ap-G were derived lines (n  5), DNA from individual offspring was extracted
from the same plasmid, ap-GFP(S65A). The difference was and analyzed for the presence of the GFP sequence by PCR.
the presence or the absence of plasmid vector sequence. The Every ¯uorescent embryo proved to be PCR-positive and
plasmid vector sequence has been suggested to suppress every non¯uorescent embryo proved to be PCR-negative
gene expression in transgenic mice (Chada et al., 1985; in all cases (data not shown). We also examined possible
Townes et al., 1985). We also injected a third construct, transgenic lines which did not express detectable levels of
ap-G-BS, in which EGFP (Clontech) was used instead of GFP. For this purpose, DNA was prepared from pools of
GFP(S65A) and the plasmid vector sequence was down- embryos derived from each of those ®sh which only pro-
duced non¯uorescent embryos and analyzed by PCR. In to-stream of the fragment.
TABLE 1
Generation of Transgenic Zebra®sh Using a-Actin±GFP
Frequency of germline transmitting founders
Construct NLS Exp with detectable levels of GFP expression
BS-ap-G / S 1/3 (33%)
M 6/24 (22%) 10/39 (26%)
W 3/12 (25%)
ap-G / S 4/26 (15%)
M 9/41 (22%) 20/105 (19%) 41/194 (21%)
W 7/38 (18%)
0 S 3/10 (30%)
M 1/9 (11%) 6/40 (15%)
W 2/21 (10%)
ap-G-BS 0 S/M 5/10 (50%) 5/10 (50%)
Note. Exp, levels of transient GFP expression; S, strong; M, moderate; W, weak.
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TABLE 2 In contrast to the identical spatial expression patterns of
GFP, expression levels varied greatly from line to line.Levels of GFP Expression in Transgenic Zebra®sh Generated
Using Each Construct While some ¯uoresced only weakly (Fig. 4B), some ¯uo-
resced extremely strongly (Figs. 4C and 4E). The stage at
Fluorescence level Bright Dim which ¯uorescence was ®rst detectable depended on the
Construct A B C D
¯uorescence intensity of each line. In the bright lines, GFP
expression could be recognized at as early as 10 h, and atBS-ap-G 1 0 0 9
13 h, clear ¯uorescence in the adaxial cells and somites was(total, 10) (10%) (0%) (0%) (90%)
ap-G 2 13 9 3 observed (Fig. 4D).
(total, 27*) (7%) (48%) (33%) (11%) The fact that 21% (41 of 149) were GFP-expressing found-
ap-G-BS 2 4 0 0 ers suggests that some founders might have multiple inte-
(total, 6*) (33%) (67%) (0%) (0%) grations. Indeed, at least two founders appeared to have two
integrations, since they each produced progeny exhibitingNote. One founder generated using ap-G and one founder gen-
two clearly different expression levels (see Note under Tableerated using ap-G-BS produced progeny exhibiting two clearly
2). Southern analysis of F1 progeny from one such founderdifferent expression levels (A and C, A and B, respectively), which
con®rmed that two integrations had indeed occurred in theare individually classi®ed and listed. Thus, the total numbers of
germline of the founder (data not shown).ap-G and ap-G-BS (asterisks) are greater than those listed in
Table 1.
Effects of Three Factors Which Potentially Affect
Transgenic Frequency or Expression Levels
tal, 123 ®sh were analyzed and 3 lines were PCR-positive. We examined the effects of three factors which may affect
Considering that 41 of 194 ®sh were expression-positive the transgenic frequency or expression levels. Results are
founders, the results indicate that most, if not all, of the summarized in Table 1 (transgenic frequency) and Table 2
transgenic lines expressed detectable levels of GFP in the (expression level). The ®rst factor is the relationship be-
1-day-old-embryo stage. tween levels of transient expression and transgenic fre-
Figures 4A±4E show examples of GFP expression in quency. In two experiments using BS-ap-G (NLS/) and ap-
transgenic lines. Except for one line expressing GFP G (NLS0), the transgenic frequency of the ®sh whose tran-
throughout the body (data not shown), the lines (40 of 41) sient GFP expression had been strong (S) was higher than
showed identical spatial expression patterns; GFP was ex- average, i.e., 33% (1/3) vs 26% (10/39) and 30% (3/10) vs
pressed speci®cally in muscle cells. Variegated expression 15% (6/40), respectively. However, in one experiment using
of GFP was not apparent in any of the lines. Thus, the ap-G (NLS/), it was lower than average, i.e., 15% (4/26) vs
results indicate that the zebra®sh a-actin promoter can 19% (20/105). Importantly, transgenic frequency in W
reliably drive the reporter gene expression in an identical (weak) class ®sh was not very low compared with the aver-
manner as the endogeneous a-actin gene in transgenic ze- age, i.e., 25% (3/12) vs 26% (10/39), 18% (7/38) vs 19% (20/
bra®sh. This is the ®rst demonstration of transgenic zebra-
®sh in which the gene is driven by a tissue-speci®c pro-
moter.
TABLE 3
Inheritance of a-Actin±GFP in Transgenic Zebra®sh Lines
Inheritance of GFP
Construct Line expression in F2
BS-ap-G BAG-1 26/50 (52%)
ap-G AG-1 188/374 (50%)
AG-2 55/135 (41%)
AG-3 125/240 (52%)
AG-4 63/113 (56%)
AG-5 40/72 (56%)
FIG. 5. Maps of b-actin and a b-actin±GFP construct used in thisAG-6 138/259 (53%)
study. (A) Structure of b-actin. The initiation methionine codonAG-7 165/306 (54%)
(ATG) is located 8 bp downstream of the intron 1±exon 2 junction.AG-8 25/50 (50%)
The b-actin promoter used in this study (bp) includes the intronAG-9 34/68 (50%)
1±exon 2 junction, but does not include the ATG initiation codon.ap-G-BS AGB-1 54/102 (53%)
S, SalI; B, BamHI. (B) Structure of a b-actin±GFP construct usedAGB-2 138/294 (47%)
in this study. Thick line, plasmid vector sequence.
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FIG. 6. Expression of GFP in transgenic embryos generated using b-actin±GFP. Chorions were removed. Non¯uorescent embryos are
nontransgenic siblings. (A) A typical transgenic embryo at 28 h. (B) A transgenic embryo from the most ¯uorescent line at 28 h.
105), and 10% (2/21) vs 15% (6/40) in the three experiments. of F1 progeny (Table 2). For the BS-ap-G construct, 9 of 10
lines were classi®ed into the dim D rank, while in the caseThus, if there is any correlation, it is not so high that the
W class ®sh should be discarded. of the ap-G construct, the D rank was rather rare (3 of 27)
and most of the lines were classi®ed into B or C ranks (22The second one is whether the NLS peptide contributes
to an increase in transgenic frequency. NLS/ and NLS0 of 27). Considering that BS-ap-G and ap-G were derived from
the same plasmid, the results suggest that the plasmid vectorexperiments were conducted using the same construct, ap-
G. The transgenic frequency in the NLS/ experiment was sequence has an adverse effect on expression. For the ap-G-
BS construct, however, all of the lines (6 of 6) were classi®ed19% (20/105), which was somewhat higher than that in the
NLS0 one, 15% (6/40). However, the difference was not so into A or B ranks, despite the presence of the plasmid vector
sequence. The high ¯uorescence was not due to the differ-great that the result was concluded to be positive. Further
study is required to determine whether the NLS peptide ence in the GFP sequences used (S65A and EGFP), since
mRNA expression levels were also high in the 6 lines gener-contributes to transgenic frequency.
The third one is whether the plasmid vector sequence af- ated with the ap-G-BS construct. Thus, the result suggests
that the plasmid vector sequence located downstream of thefects the reporter gene expression. Each line was classi®ed
into ranks from A±D according to the ¯uorescence intensity construct does not have an adverse effect on expression.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8779 / 6x34$$$$82 12-04-97 21:50:01 dba
297Transgenic Zebra®sh with Reliable GFP Expression
Maintenance of GFP Expression over a Generation fered from either silencing of the transgene expression (Stuart
et al., 1988; Culp et al., 1991) or nonconsistent (variegatedIt is important to determine whether GFP expression is
or highly variable) expression (Stuart et al., 1990; Lin et al.,stable after passage through a germline. Thus, ¯uorescent
1994b). More consistent expression was observed by Amster-progeny (F1) of each founder were raised to sexual maturity
dam et al. (1995), who found that ®ve of ®ve transgenic linesand mated with wild-type ®sh. All the lines tested (n 
showed near ubiquitous GFP expression in one construct24) produced ¯uorescent embryos. Moreover, levels of GFP
(modi®ed Xenopus ef1a enhancer/promoter and the rabbitexpression were also completely inherited, i.e., the ¯uores-
b-globin second intron). In all of the previous studies, pro-cence intensity of the embryos (F2 progeny) was the same
moter/enhancer sequences were not derived from zebra®shas that of the parents (F1) when they had been tested for
origin. There have been no reports of transgenic zebra®sh¯uorescence. As in previous studies, inheritance of ¯uores-
generated using a gene driven by a tissue-speci®c promoter/cence in the F2 generation was consistent with the ratio of
enhancer. With this background, we isolated a zebra®sh mus-Mendelian segregation in all the 12 lines where the number
of ¯uorescent and non¯uorescent embryos were counted cle-speci®c actin promoter and generated transgenic zebra-
(Table 3). In three lines, stable transmission of GFP expres- ®sh using a-actin±GFP constructs. The main aim of this
sion has been con®rmed in the F3 generation. Taken to- study was to determine whether transgenic zebra®sh exhib-
gether, the results strongly support the idea that the iting tissue-speci®c expression can be consistently generated
transgene is stably integrated into the genome in each line. with the use of zebra®sh-origin promoters. We have gener-
F1 progeny of B±D ranks were all healthy. In the case of ated as many as 41 GFP-expressing transgenic lines using a-
A rank, a signi®cant fraction of embryos died within 2 actin±GFP constructs. In virtually all lines established, GFP
weeks. For the reason of the weakness, long exposure of was expressed in a nearly identical manner to the endogen-
excitation light to A-ranked embryos on a ¯uorescence mi- eous genes; i.e., GFP was speci®cally expressed in muscle
croscope could be harmful to embryonic health. However, cells. Non-GFP-expressing transgenic lines were extremely
this is not the only cause of the weakness because those rare. These results demonstrate that transgenic zebra®sh
embryos which had been placed in a dark without excitation with consistent expression can be reliably generated using
were still weak. Whether high-level expression GFP itself the zebra®sh a-actin promoter. We also isolated and used the
has toxic effects remains to be determined. If ®sh could zebra®sh b-actin promoter. Transgenic zebra®sh exhibiting
survive in a critical period (a few weeks), most of them were GFP expression throughout the body were reliably generated
able to become adults and to produce progeny. However, in this case. This further supports the hypothesis that consis-
we have not yet succeeded in raising F1 progeny of two tent expression can be achieved by the use of zebra®sh-origin
lines with extreme GFP expression (Fig. 4E). promoters.
Establishment of transgenic zebra®sh lines using the a-Generation of Germline-Transmitting Fish Using
actin±GFP construct is quite easy with the aid of reliableb-Actin±GFP
detection of the transgene expression in vivo. Screening of
We also generated transgenic zebra®sh using the b-actin± one line by merely observing about a hundred embryos
GFP construct. A physical map of the zebra®sh b-actin gene through their chorions on an inverted ¯uorescence micro-
and the construct of the b-actin±GFP transgenic vector are scope usually takes only a few minutes. Transgenic ®sh
shown in Fig. 5 (for details, see Materials and Methods). We can be easily detected among many nontransgenic siblings.
obtained 4 founders out of 53 ®sh (8%). Three of the four Preliminary experiments showed that, at least in transient
lines exhibited similar GFP expression patterns. GFP was expression assays, the a-actin±GFP sequence did not affect
expressed throughout the body in a manner identical to that the expression of another transgene which was driven by
of the b-actin gene (Fig. 6A). In the remaining one line, GFP several other promoters, when they were placed in the same
was also expressed throughout the body, and ¯uorescence plasmid. Thus, the addition of a-actin±GFP to one's own
was more intense than that of the other lines (Fig. 6B). In constructs could provide a useful in vivo marker in the
addition, a more prominent expression in the notochord generation of transgenic zebra®sh.
was observed (Fig. 6B). In all of the lines, variegated expres- In conclusion, we have shown that it is, in principal,
sion was not observed. Transmission of GFP expression has
possible to consistently generate transgenic zebra®sh exhib-been con®rmed in the F2 generation in two lines.
iting tissue-speci®c expression of a reporter gene. Since ze-In summary, we conclude that the b-actin genomic se-
bra®sh has become a popular model organism for the studyquences used here lead to the reporter gene expression in
of vertebrate development, the generation of transgenic ze-an identical or near-identical manner to that of the endogen-
bra®sh which express a reporter gene in speci®c tissues oreous b-actin gene.
cells will undoubtedly be useful in the future. In particular,
the transparency of the zebra®sh embryo will make GFP anDISCUSSION
excellent marker.
Consistent GFP-Expression of Transgenic Zebra®sh
Factors Which Potentially Affect TransgenicGenerated Using a-actin±GFP or b-actin±GFP
Frequency or Expression LevelsConstructs
We have determined the effects of three factors (levelsA number of transgenic zebra®sh have been generated in
the past 9 years. In the early phase, transgenic zebra®sh suf- of transient expression, presence of the NLS peptide, and
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presence or location of the plasmid vector sequence) which of Lin also succeeded in generating transgenic zebra®sh ex-
hibiting tissue-speci®c GFP expression using the zebra®shpotentially affect the transgenic frequency or expression
levels of the transgene. Levels of transient expression the GATA-1 promoter (Long et al., 1997).
day after injection did not show strong correlation with
transgenic frequency if one-fourth of the embryos, those
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